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S111111me'Y of hingeless and bearingless rotor development. The
Analsisandtesingwer coduced n te Lng- analysis that was evaluated during these tets was

lyansoi anstignwel coce inetg the g the Comprehensive Analytical Model of Rotorcraft
ley Tecasnic Dynabiics Tunnelofto invaetigelte Aerodynamics and Dynamics (CAMRAD) described
rormdel.anic o stability fasota wepre hbtingedess in reference 8. The TDT tests obtained rotor sta-

rovor model Rno stality dtan werae btie in bility data in hover and in forward flight. The ef-
ho3er ande inoforarafigter uptoanuatdance raeo fects on rotor stability of rotor-hub geometric pa-

sweep aode drotor, paraeter oftealadwe laern rameters were investigated. These parameters were
sxeep and droop, pc-flcoupofntheDblad obeateingd blade sweep and droop, pre-cone of the blade feather-
auind blae t h-lape cplng.d Daeitaote ing axis, and blade pitch-flap coupling. Comparisons
durngahsei etsrepeete.een ih between theory and selected experimental data from

analsis.the TDT are presented in reference 12. All data from

Inbioecdonthe TDT tests are presented without analysis.

The aeromechanical stability of a helicopter rotor Symbols
system is an area which is of concern to the designer. AMP amplitude of transient response
Aeromechanical stability problems involve the inter-
action of the rotor and the airframe and are usu- b number of blades
ally divided into the categories of ground resonance CL rotor lift coefficient, L/pirR2 (OR )2

and air resonance. Although the term inology may
imply totally different phenomena, both are self- C blade chord. ft
excited instabilities caused by the coupling between FFT fast Fourier transform
blade lagging motion and hub motion in the plane
of the rotor (refs. I to 3). Although aeromechani- f rotor lead-lag frequency. Hz
cal instability is traditionally associated with artic- L rotor lift, lb
ulated rotors, hingeless rotors are also susceptible
to these problems. Hingeless rotors are classified L(A) natural logarithm of amplitude of
into two types. One type is associated with a soft transient response
inpiane system which has the blade inplane frequency R rotor radius, ft
less than the rotor rotational speed, and the second
type is aseociated with a stiff inplane systemn which RS blade radial station. in.
has the blade inplane frequency more than the rotor r spanwise distance along blade radius
rotational speed. The information in this rc-ort measured fromt center of rotation. ft
deals with the aeromechanical stability of a soft
inplane hingeless rotor sytm V' tunnel free-streamn velocity, ft/sec

Aeromnechanical stability is a well understood (1.0 rotor shaft angle of attack (positive for
phenomenon (ref. 4). particularly for articulated ro- rotor tilted rearward), deg
ton.s However. hingrees rotors provide substantial
structural anti aerodynamic couplings that cornpli- b~ lade patch-flap coupling (poesutave for
cate their aeroaaiehanical stability problems. Ana- flap tip). pitch downt), dJeg
ly-tical miodels (refsi. 5 to ?4) have been devekoped to leadi-lag damping rattio. percent critical
investigate the aeronitichanical stability of hingeless
rotors (orrelatiton effortsi with thewe analysw.% (refs. 9 0 blade~ colimf'il'E pitch angle.. dex
to) 1) have generally been confined to hover and thc e rotor adlvance ratio. % /tin1
law* of small-scale mnodels in forward flight

Wand-tunnel tests have beien conductedl at the op It11M111 "lameiri fi1a4-11-40% slu1 Kft

Langley Tranmic lDynantics Tunnel (TIT) tol inve-- rotor *41liel it,! it H
ligate thte aronierhaiiical stabilit% of a -toft inplane
hingelew rotor systein These te"ts had -teveral 4oj- It rotor rotatieinal vi'loq'it', rpIll

ject ives: (1) development andi evaluiat ion of ana expt-r-
inawutal technitite for blade e'xcitattion anti damping Apparatus wid Procedues
nwasuarements in the ritat ing sys4tem. (2) acqIisIt ion Win Ta
of a data btase for hingek'sts roto;r arronaerhanical sta-

hility andi (3)i evaluation of anlII san mi that& -an I", 111V tet1 'r.I'' ((011141114 Itl it 1114 1iii. I V .. ma Ie. tFr
110A at the TDT ditring t he (esigw andi t41g phamee's1 'wfiI)i.%muuu iaueli1)'~ mmata t ow,



tinnel in show in figure 1. This tunnel is a wind tunnel. The measured frequency and damp-
coutinuo-flow tunnel with a slotted test section. ing values of the ARES model as mounted in the
The tumel test section is 16 ft square with cropped tunnel were determined from a "bump" test and are
corners and has a cross-suctional area of 248 ft2 . Ei- presented in table IV. The ARES model rotor con-
ther air or Freon 121 may be used as a test medium. trol system and fuselage pitch attitude are remotely
For this investigation, Freon 12 at a nominal density controlled from within the wind-tunnel control room.
of 0.0047 slug/ft3 was used as the test medium. Be- The swashplate is moved by three hydraulic actua-
came of its high density and low speed of sound, tors. Instrumentation on the ARES model and in
the use of Freon 12 aids the matching of model- the wind-tunnel control room allows continuous dis-
rotor-scek Reynolds number and Mach number to plays of model control settings, rotor forces and mo-
full-cale values. The heavier test medium permits ments, blade loads, and pitch link loads. The ARES
a simplified structural design to obtain the required model pitch attitude is measured by an accelerom-
stiffnes characteristics for dynamic similarity, and eter, and rotor control positions are measured by
thus eases design and fabrication requirements of the linear potentiometers connected to the swashplate.
model (ref. 13). Rotating system data are transferred into the fixed

system through a 30-channel slipring assembly.
Mde Dscpdm
The rotor model used for this investigation is a Tes PrieaedU

soft inplane hingelem rotor, the properties of which During this investigation, data were taken at ev-
are listed in tables I and II. The rotor lad-lag and eral rotor rpm values. At each test point the tunnel
flap frequencies listed in table I were calculated from ea s aue t e the tune
the analysis of reference 8 and are based on a nominal speed was adjusted to give the desired rotor advance
rotor speed of 618 rpm. A sketch of the model rotor ratio. The model was then pitched to a specified
hub and blade assembly is shown in figure 2. The shaft angle of attack and the collective pitch was set.
model blades were fabricated with fiberglass spars Cyclic pitch control was used to remove the rotor firstspecifically for testing in the Freon 12 test medium harmonic flapping with respect to the shaft. Once
of the TDT. the test condition was established, multiple measure-The model rotor hub, shown in figure 3, consists ments of rotor inplane frequency and damping in theof metal flexures to accommodate flap and lead- rotating system were made with the moving-blockof mtalflexresto ccomodae fap ad lad- method (ref. 14) used as an interactive program.
lag motions and a mechanical feathering bearing to
allow blade pitch motion. The flap and lead-lag The test technique consisted of two steps. First,
flexures contain strain gages calibrated to measure the model was excited in the fixed system by ap-
motion in those directions. The hingeles hub has plying a longitudinal cyclic pitch oscillation to the
the capability to independently vswy blade sweep, rotor through the swashplate. The magnitude of
droop, and pre-cone of the blade feathering axis. The the swashplate oscillation was nominally 0.M75 . The
changes are accomplished by means of angle blocks frequency of the swashplate oscillation was initially
as shown in figure 4. Two values of blade pitch-flap set equal to the fixed-system value of the rotor in-
coupling are obtained by the use of spacers placed plane frequency (lead-lag regressing mode) predicted
between the pitch horn and the pitch link. A list of by CAMRAD as described in reference 12. The
rotor configurations tested is given in table Ill. swashplate oscillation frequency was then adjusted

The test bed used for this investigation was slightly to obtain the maximum rotor inplane re-
the aerelastic rotor experimental system (ARES) sponse. Once the rotor inplane response was estab-
model The ARES model. shown in figure 5, con- lished, the swashplate oscillation was removed and
sists of a rotor drive system and rotor control sys- the moving-block procedure was initiated. A typical
tent enclosed hIy a streamlined helicopter fuselage real-time nmoving-block display is shown in figure 6.
shape The ARES model utilizes a six-component This display was utilized as described in reference 14.
strain-gage balance to measure rotor forces and mo- The frequency of interest was selected from the fast
ments The mlance is fixed with respect to the ro- Fourier transform (FFT) of the lead-lag signal trace,.
tor %haft and thus pitches with the model. Fuselage and the damping ratio was computed from the natui-
forces and moments are not sensed by the balance. ral logarithm of the amplitude of the filtered lead-lag
The entire ARES model and balance assembly are response. When a condition of negative damping was
tunted on a rigid stand bolted to the floor of the achieved, the swashplate excitation was removed and

the rotor rotational speed was imnmediately reduced.
Froqm rmgmteuml ralerrark of E. I dij Ptmt de Nenmnir This action was sufficient to eliminate the rotor (is-

,t(' hIN turbance in the unstable region.
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Table I. Principal Rotor Model Properties

Number of blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
Rotor diameter, ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Blade chord, ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.353
Solidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.10
Airfoil section ...... .. ........................... ... NACA 0012
Blade twist, deg.... . . ... ... ............................. 0
Blade elastic axis, percent chord ...... ... ...................... 25
Blade pitch axis, percent chord ...... ... ....................... 25
Blade center of gravity, percent chord ..... .................... .... 25
Flap flexure weight, lb .... .... .......................... ... 0.55
Pitch-bearing-housing weight, lb ..... ... ...................... .1.13
Lead-lag flexure weight, lb ....... ......................... ... 0.80
Flap flexure stiffness in flap direction, lb-in2 . . . . . . . . . . . . . . . .. . . . . . 3984.0
Lead-lag flexure stiffness in lead-lag direction, lb-in2 . . . . . . . . . . . .. . . . . 12165.0
Lead-lag flexure torsional stiffness, lb-in 2 . . . . . . . . . . . . . . . . . .. . . . . . . 11080
Control system stiffness, in-lb/rad .... .... ..................... 2331
First flap frequency (calculated), 0 per revolution ... ............... .... 1.14
First lead-lag frequency (calculated), a per revolution ... ............. ... 0.55

"0 = 618 rpm.

Table 11. Rotor Model Blade Structural Properties

[Assumed modulus of elasticity for blade is i06 lb/in2]

Edgewise Flatwise
Inboard Segment Torsional Torsional area moment area moment
station, length, Weight, inertia, stiffness, of inertia, of inertia,

r1R in. lb/in. lb-sec 2  lb-in2  in4  in4

0.213 2.87 0.140 0.000144 43800.0 0.0268 0.00387
.266 .22 .031 .000072 34000.0 .0252 .00249
.269 2.25 .044 .000077 34000.0 .0252 .00249
.311 5.90 .041 .000075' 23500.0 .0304 .00231
.420 4.50 .040 .000073 19700.0 .0264 .00181
.503 22.75 .039 .000071 16900.0 .0245 .00151
.924 1.75 .039 .000071 16900.0 .0245 .00151
.957 .25 .041 .000073 17500.0 .0245 .00160
.961 1.00 .079 .000103 50000.0 .0500 .00500
.980 .25 .061 .000092 40000.0 .0400 .00405
.984 .75 .011 .000011 50000.0 .0050 .00050
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Table HII. Rotor Configuration Parametric Values

63, Sweep,a Droop,b Pre-cone,'
Configuration deg deg deg deg

Baseline 0 0 0 0
1 26 0 0 0
2 0 0 2 0
3 0 2 0 0
4 26 0 2 3
5 26 0 -2 3
6 26 0 4 3
7 26 0 4 6

aPoitive aft.
bpositive down.
'Positive up.

Table IV. Measured ARES Model Dynamic Piroperties

Mode IncHz Damping,a

ModeHz prcent critical
Roll 547.3

Pitch 595.7

aIncludes simulated rotor mass.



Table V. Lead-L'g Frequency and Damping for Baseline Configuration in Hover at a =0

Frequency and damping for 0, deg, of-
0 4 8 all 13

, percent f, percent f, percent f, percent percent
rpm Hz critical Hz critical Hz critical Hz critical Hz critical
400 4.87 0.37 4.80 0.45 4.90 0.53 4.94 2.08 4.94 1.06

4.90 .35 4.83 .42 4.90 .89 4.98 1.98
4.87 .38 4.87 .67 4.90 1.30 4.90 2.42

4.87 .67 4.90 1.06 4.90 1.77
450 5.13 0.46 5.13 0.61 5.05 0.71 5.17 2.81 5.25 2.36

5.09 .48 5.13 .72 5.17 1.11 5.21 2.27
5.13 .63 5.09 .57 5.13 1.06 5.21 1.86

5.13 1.09
500 5.42 0.57 5.44 0.69 5.38 0.49 5.51 1.81 5.51 3.12

5.42 .67 5.42 .69 5.42 1.28 5.46 2.10 5.46 3.21
5.38 .68 5.38 .70 5.42 1.22 5.46 1.95

5.42 1.26
550 5.68 0.55 5.68 0.55 5.65 0.44 5.72 2.26 5.76 2.89

5.68 .56 5.68 .55 5.56 .56 5.76 2.07
5.68 .52 5.68 .66 5.65 .40 5.76 2.44

5.72 1.19
5.72 1.25
5.72 1.10

600 5.98 0.55 5.98 0.49 5.85 0.42 6.03 2.16 5.89 3.14
5.94 .62 5.98 .51 5.98 1.12 6.03 1.86 6.03 2.83
5.94 .59 5.98 .47 5.98 1.12 6.03 2.49 5.94 3.01

5.98 1.21
618 6.03 0.53 6.08 -0.08 5.95 0.40 6.08 0.56 6.08 1.97

6.03 .46 6.03 -. 03 6.08 .46 6.08 1.87
6.03 .52 6.08 1.19 6.08 .53 6.08 1.32

6.12 -. 05
6.08 .05

630 6.12 0.35 6.08 0.26 6.17 -0.11 6.22 0.31 6.22 0.82
6.08 .46 6.12 -. 44 6.22 -. 02 6.22 .31 6.22 .75
6.12 .38 6.17 -. 52 6.17 -. 10 6.22 .30 6.17 .90

640 6.17 0.41
6.17 .42
6.17 .34

650 6.32 -0.06 6.32 -0.31 6.32 -0.12 6.38 0.44 6.38 0.55
5.98 -. 48 6.38 -. 29 6.38 .39 6.43 .88
6.32 -. 33 6.32 -. 17 6.32 .13 6.38 .94

aNominal 0 to achieve "Ig" condition of CL/c = 0.07.

61



Table VI. Lead-Lag Frequency and Damping for Configuration 1 in Hover at a, = 00 and , =8

rpm Hz percent critical
400 4.94 1.26
450 5.17 1.95
500 5.51 1.16
550 5.72 1.73
600 5.98 1.35
618 6.08 1.26
630 6.17 1.25
640 6.17 -. 38
650 6.27 -. 51

7



Table VII. Lead-Lag Frequency and Damping for Baseline Configuration in Forward Flight

(a) p = 0.15; a. = -1.30

Frequency and damping for
0, deg, of-

0 4

, fpercent percent
rpm Hz critical Hz critical

5.68 0.82 5.68 1.19
550 5.64 .76 5.68 1.17

5.68 .69 5.68 1.18
5.94 0.52 5.94 0.35

600 5.94 .43 5.98 .38
5.94 .43 5.94 .50
6.08 -0.58 6.03 -0.59

618 6.03 -. 43 6.03 -. 56
6.03 -. 04 6.03 -. 56

(b) p = 0.20; a,, -2.30

Frequency and damping for
0, deg, of-

0 4

f), percent percent
rpm Hz critical Hz critical

5.68 0.65 5.68 1.23
550 5.68 .70 5.72 1.22

5.68 .61 5.68 1.23
5.94 0.52 5.94 0.32

600 5.94 .50 5.94 .41
5.94 .42 5.94 .30
6.03 -0.19 6.08 -0.47

618 6.03 -. 08 6.08 -. 63
6.03 -. 12 6.03 -. 63

S



Table VII. Concluded

(c) p = 0.30; a. = -5.20

Frequency and damping for
0, deg, of-4

0 4

fl, percent percent
rpm Hz critical Hz critical

5.72 0.73 5.72 1.09
550 5.72 .75 5.68 1.12

5.72 .70 5.68 1.02
5.94 0.30 5.94 0.34

600 5.98 .21 5.94 .09
5.98 .16 5.94 .36
6.08 -0.57 6.12 -0.59

618 6.08 -. 62 5.98 -. 38
6.08 -. 56 6.03 -. 59

(d) p 0.35; as -7.1'

Frequency and damping for
0, deg, of-

0 4

fl, percent percent
rpm Hz critical Hz critical

5.68 0.45 5.72 0.89
550 5.68 .60 5.72 .81

5.72 .48 5.72 .76
5.98 0.09 5.94 0.01

600 5.98 .05 5.94 .21
5.98 -. 03 5.98 .00
6.08 -0.68 6.12 -0.48

618 6.12 -.73 6.03 -.64
6.07 -. 69 6.12 -. 65
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Table VIII. Lead-Lag Frequency and Damping for Baseline Configuration in Forward Flight at f0 = 618 rpm

0, deg a., deg A f, Hz _ _ _ _

2 0 0.20 5.94 0.23

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _.30_ _ _ _ _

4 0 0.20 5.98 0.28
5.98 .68
5.95 .08
5.94 .49
5.94 .33
5.94 .55

.30 5.98 .33
5.94 .77

8 -5 0.20 6.08 1.93

.30 6.03 1.71
__ __ _ __ __ _ __ _ __ __ _ __ _6.03 2.12

12 -10 0.20

.30 6.08 2.41

Table IX. Lead-Lag Frequency and Damping for Configuration 1 in Forward Flight at 0 = 618 rpm

0,deg Cf, deg p f, Hz
4 0 0.20 6.17 0.58

6.12 .70

.30 6.08 .92
8 -5 0.20 6.12 2.20

6.08 1.57

.30 6.08 1.29
6.08 1.27

12 -10 0.20 6.12 2.02

.30 6.17 1.81
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Table X. Lead-Lag Frequency and Damping for Configuration 2 in Forward Flight at 01 = 618 rpm
[p =0.201

0, deg as, deg H ,Iz ______

4 0 6.03 0.60
8 j-5 6.08 1.40

12 1-10 16.22 2.29
16.08 2.20

Table XI. Lead-Lag Frequency and Damping for Configuration 3 in Forward Flight at (1 618 rpm

0, deg cis,deg JA f, Hz______
4 0 0.20 6.08 1.00

__________.30 6.08 1.10
8 -5 0.20 6.08 1.69

____________________.30 6.08 1.65
12 -10 0.20 6.12 2.95

6.17 2.67

__________ __________.30 6.08 2.82

Table XII. Lead-Lag Frequency and Damping for Configuration 4 in Forward Flight at fl 618 rpm

0, deg os, deg A fHz______
4 0 0.20

___________.30 6.08 0.70
8 -5 0.20 6.08 1.39

__________ ___________.30 6.12 1.32
12 -10 0.20 6.12 2.08

________________ .30 6.17 1.90



TbM Xiii. LeRd-LAg Ftrquency and Damping for Configuraton 5 in Forward Flight at 0 = 618 rpm

0,a c, deg P f, HZ
4 0 0.20 6.08 1.37

6.08 1.62

.30 6.03 1.50
8 -5 0.20 5.98 2.50

.30 5.98 2.47
12 -10 0.20 6.03 3.21

.30 5.94 3.28

Table XIV. Lead-Lag Frequency and Damping for Configuration 6 in Forward Flight at l = 618 rpm

4 0 0.20 6.08 0.60

.30 6.03 .76
8 -5 0.20 6.08 0.80

.30 6.12 .79
12 -10 0.20 6.12 1.61

.30 6.12 1.80

Table XV. Lead-Lag Frequency and Damping for Configuration 7 in Forward Flight at f) = 618 rpm

... p Ideg aa.degPf. H,
4 0 0.20 6.12 1.30

.10 5.9s 1.29
6.1 1.03

8 -5 0.20 6.12 142

.10 6.17 124
6.09 1.61

12 -10 0.20 622 2.66

.30 612 251

12
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Figure 3. Model rotor hub.

Figure 4. Details of rotor-hub root flexures.



Figure 5. ARES mounted in Lagley Transonic Dynamics Tuauci.
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